Unlike most terrestrial mammals, female bats must supply their offspring with all required nutrients until pups achieve virtually adult size, at which time they are able to fly and become independent. Access to nutrients may be especially challenging for reproductively active females in mineral-poor landscapes such as tropical rainforests. We hypothesized that pregnant and lactating females from tropical landscapes acquire essential nutrients from locally-available mineral licks. We captured ten times as many bats at mineral licks than at control sites in a lowland rainforest in eastern Ecuador. Among bats captured at mineral licks, the sex ratio was heavily biased toward females, and a significantly higher portion of females captured at these sites, compared to control sites, were reproductively active (pregnant and lactating). Enrichment of 15 N in relation to 14 N in wing tissue indicated that bats captured at mineral licks were mostly fruit-eating species. Given the high visitation rates of reproductive active females at mineral licks, it is likely that mineral licks are important for fruit-eating female bats as a mineral source during late pregnancy and lactation. By sustaining high population densities of fruit-eating bats that disperse seeds, mineral licks may have an indirect influence on local plant species richness.
INTRODUCTION
For decades, ecologists have been puzzled by the paradox of high tropical biodiversity occurring on generally nutrient/mineral poor soils [1] . Minerals are important not only for plant growth and reproduction, but also for animals on which many tropical plants depend for seed dispersal. The limited distribution and availability of minerals in tropical forests, in combination with sensory limitations of animals trying to find them, may be a constraint on reproduction and geographic distribution because offspring production and population viability are ultimately linked to adequate nutrient sources [2, 3] . In most terrestrial mammals, juveniles begin to consume solid food while still being suckled, typically long before they achieve adult size. In contrast, juvenile bats cannot acquire water or nutrients except from the mother's milk until they are able to fly and they cannot fly until they are nearly adult size [4, 5] . Thus, all nutrients required for the production of an adult-size skeleton must come from the mother through milk [6, 7] . Given that bat diets are generally poor in calcium and other minerals [8] [9] [10] , females face a physiological dilemma: to allocate some of their own limited nutrient stores for production of offspring, or to expend additional energy and seek nutrient sources where they may be available [5, 11] . The dilemma may be particularly pronounced in tropical rainforests which usually occur in mineral-poor landscapes.
Anecdotal observations from the Amazonian rainforest suggest that bats visit the same water holes as do tapirs and other large mammals, where they also may consume the mineral-rich water [12] . However, heretofore, the function of water or soil consumption at mineral licks has remained unclear in bats. We postulate that mineral licks-small open muddy areas in tropical forested landscapes often with running water-are an important mineral source for fruit-eating bats, especially females during reproduction. To test this hypothesis, we set mist-nets at mineral licks and control sites in the rainforest of eastern Ecuador. In addition, we determined the trophic level of captured bats by taking small wing biopsies and analyzing these for nitrogen isotopes to test the hypothesis that fruit-eating species are more active at mineral licks than elsewhere in the forest. Because enrichment of 15 N in relation to 14 N increases in animal tissue with increasing trophic level [13] , we predicted that bats captured at mineral licks would show lower levels of 15 N enrichment, compared to species that feed at higher trophic levels (i.e., on insects and vertebrates) in the same forested landscapes.
METHODS
Our study was conducted during the dry season at the Tiputini Biodiversity Station (TBS) (0 • 38.31 S, 76 • 8.92 W) between 26 January and 23 February 1998, on 4 January 1999, and between 14 March and 13 April 2007. Habitats at TBS are terra firme forest, varzea forest, palm swamps, small oxbow lakes, and streams at elevation of 190-270 m as [14] . Scattered mineral licks dot the landscape. Monthly rainfall throughout the year varies between 50 and 650 mm (TBS weather station) with two rainy seasons, the first is from May to July, and the other is from October through December.
We set ground-level mist nets (length 6 to 9 m; 70 dernier/2 ply, 36 mm mesh, 5 shelves) (R. Vohwinkel, Velbert, Germany) to catch bats at six mineral licks and at 15 arbitrarily selected control sites in the forest. Nets were monitored between 1800 and 2130 hours. Our netting effort at mineral licks included one night at four sites and two nights each at the two others. Because free-ranging fruit-eating bats generally do not survive more than 8 years, we consider our mist-netting efforts in 1998 and 2007 to be independent events for statistical purposes. We identified bats using available taxonomic keys [15, 16] , recorded relative age (young and adult) and reproductive condition [17] , then released animals at the site of capture as soon as possible after processing. In 1998, bats were banded on the forearm using numbered, plastic rings (A. C. Hughes, United Kingdom). In 2007, we collected two small wing-membrane biopsies from each bat for stable isotope analysis [18] . No marked bats were recaptured.
Stable isotope analysis
Wing samples were weighed on a microbalance (Sartorius AG, Göttingen, Germany) and then loaded into tin capsules. All samples were combusted and analyzed using a Fisons NA 1500 elemental analyser and a Finnigan continuous flow system, coupled to a Delta-S isotope ratio mass spectrometer at (Stable Isotope Laboratory, Boston University, MA, USA). Atmospheric nitrogen was used as the standard for the 15 N/ 14 N ratio and nitrogen isotope ratios are given in the δ 15 N notation ( ). Precision of isotope measurements was better than ± 0.01 . We used the following equation to calculate δ 15 N
where R sample and R standard represent the 15 N/ 14 N ratios of the sample and standard, respectively.
Statistics
To control for different levels of mist-netting efforts between mineral licks and control sites, we calculated the average number of bats captured at each site (expressed as number of bats per meter of net per mist-net hours). We performed a Mann-Whitney U tests to compare captures at mineral licks and control sites and Fisher's exact test to test for differences in sex ratios, ratios of reproductive active and nonreproductive females, and ratios of different subfamilies between mineral licks and at control sites. A Bonferroni correction was applied to each test since the same capture data was used for several tests [19] .
RESULTS
We captured 389 bats comprising of 31 species. Among these, 339 bats were captured in nets set at mineral licks and 50 at control sites (Table 1) . We netted nearly 10 times more bats per meter net hour at mineral licks than control sites (Mann-Whitney U-Test: U = 11, n 1 = 15, n 2 = 8, P = .0009). The median number of bats captured per meter net hour equaled 0.58 (mean ± 1 SD: 1.17 ± 1.7) at mineral licks and 0.06 (0.08±0.07) at control sites. We captured 254 females and 85 males at mineral licks and 24 females and 26 males at control sites. The sex ratio of bats at mineral licks was heavily biased toward females compared to control sites (Fisher's exact test: P = .0002). We also captured significantly more reproductively active females (late pregnancy and lactation) than nonreproductive females at licks (Fisher's exact test: P < .0001).
Most bats that we captured at mineral licks were members of the phyllostomid subfamily Stenodermatinae (Fisher's exact test: P < .0001). In addition, stenodermatine bats (i.e., typically fruit-eating species) captured at mineral licks had significantly lower δ 15 N than the nonstenodermatine bats at the control sites which consume a more insect dominated diet (Figure 1 : Mann-Witney U-Test: U = 162, n 1 = 17, n 2 = 10, P < .0001).
DISCUSSION
Our results indicate that mineral licks are hot spots of nocturnal bat activity in tropical rainforests. Similar concentrations of bat activity have only been reported from autumn swarming sites at temperate latitudes, where males court females prior to hibernation [20] . In contrast to swarming sites, where sex ratios are either equal or biased in favor of males, there are significantly more females than males at mineral licks. Moreover, almost all females were either pregnant or lactating, consistent with the hypothesis that their presence is associated with nutrient demands associated with reproduction. Nitrogen isotope ratios of stenodermatine bats captured at mineral licks were significantly lower than that of nonstenodermine bats, indicating a difference of one trophic level from species captured at control sites [13, 18] . Thus, our results strongly support the hypothesis that mineral licks are preferentially visited by female fruit-eating bats during late pregnancy and lactation. Such sites also are visited by larger mammals [21] [22] [23] and birds [24] . By visiting and ingesting Stenodermatinae  18  322  250  72  14  5  9  Carolliinae  4  15  2  13  24  12  12  Glossophaginae  4  2  2  0  5  3  2  Phyllostominae  4  0  0  0  7  4  3  Total  30  339  254  85  50  24 mineral-rich water in mineral licks, fruit-eating bats gain essential minerals to produce nutrient-rich milk that facilitates growth and development of embryos and pups. They may also benefit if the minerals buffer secondary plant compounds [25] often present in fruits and leaves that are ingested by females during periods of high energy demand during pregnancy and lactation.
CONCLUSIONS
Among fruit-eating mammals, bats outnumber all other taxa in Neotropical mammal assemblages [26] . Fruit-eating bats usually feed on a mineral poor foods [21, 27] , but sometimes supplement their diet with leaves that are more enriched than the average diet of bats [27, 28] . Fruit-eating bat populations may benefit from mineral licks in the rainforests, by achieving higher growth rates and producing more offspring than bats in rainforests without mineral licks. By helping to sus-tain high population densities of fruit-eating bats, mineral licks would contribute indirectly to seed dispersal and as a consequence potentially to increased plant diversity. Future studies need to address whether geographic variation in the abundance of mineral licks may not only influence local population densities of fruit-eating bats, but also plant species diversity in so-called biodiversity hotspots [29, 30] .
